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57 ABSTRACT 

The present invention relates to a method for making a 
gamma prime precipitation strengthened nickel base alloy 
having an improved resistance to hydrogen embrittlement, 
particularly crack propagation. The alloy is cast, heat treated 
to dissolve substantially all the gamma-gamma prime eutec 
tic islands and script carbides without causing incipient 
melting, cooled to below 1000° C., HIP'ed to eliminate 
porosity, precipitation treated and aged. The alloy has a 
microstructure which is essentially free of script carbides, 
gamma-gamma prime eutectic islands and porosity. The 
microstructure further includes a plurality of regularly 
occurring large barrier gamma prime precipitates and a 
continuous field of fine cuboidal gamma prime precipitates 
surrounding the large barrier gamma prime precipitates. 

4 Claims, 4 Drawing Sheets 
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1. 

METHOD FOR MAKING ANCKEL BASE 
ALLOY HAVING IMPROVED RESISTANCE 

TO HYDROGEN EMBTTLEMENT 

CROSS REFERENCE 

This is a division of application Ser. No.: 08/537,341 filed 
on Oct. 2, 1995, now U.S. Pat. No. 5,725,692. 

This invention relates to the invention disclosed in Nickel 
Base Superalloy Columnar Grain and Equiaced Materials 
with Improved Performance in Hydrogen and Air, U.S. Ser. 
No. 08/284,727, now abandoned which is a continuation of 
U.S. Ser. No. 08/075,154 (now abandoned) filed on Jun. 10, 
1993. and of common assignee herewith. The contents of 
U.S. Ser. No. 08/284,727 are incorporated herein by refer 

CC. 

BACKGROUND OF THE INVENTION 

1. Technical Field 
This invention relates to high strength nickel base super 

alloys possessing superior resistance to crack propagation, 
especially under conditions where hydrogen embrittlement 
is prone to occur. This invention also relates to heat treat 
ments for such alloys. 

2. Background Information 
This invention focuses on improvements to the hydrogen 

embrittlement resistance of high strength nickel base super 
alloy materials. High strength nickel base superalloys are 
defined in the context of this invention as nickel base alloys 
having more than about fifty volume percent of the strength 
ening gamma prime phase in a gamma matrix and having a 
yield strength in excess of about 100 ksi (690 MPa) at 1000° 
F (538 C.). The gamma prime phase typically assumes a 
cuboidal morphology in the gamma matrix with alignment 
in the <001> direction. Such alloys find their widest appli 
cation in the field of gas turbine engines. 

In gas turbine engines, hydrocarbon fuels are burned, and 
free hydrogen may be present at some points during the 
combustion process, but the relatively low concentration of 
available hydrogen, and the operating conditions of such 
engines, have not been found to cause any significant 
hydrogen embrittlement of the nickel base superalloys. 

Hydrogen embrittlement is more frequently encountered 
in fields other than those relating to the gas turbine industry. 
For example, hydrogen embrittlement occurs at times during 
electroplating, where hydrogen gas is generated on the 
surface of a part being plated and is absorbed into the part, 
greatly reducing the ductility of the part. It is also a factor 
in some forms of hot corrosion, especially hot corrosion 
which is observed in well drilling wherein deep drilled oil 
well casings are prone to hydrogen embrittlement as a result 
of the hydrogen sulfide present in some of the crude petro 
leum and natural gas which pass through the casings. U.S. 
Pat. Nos. 4,099,922, 4,421.571 and 4.245,698 are typical of 
the attempts to solve oil well hydrogen embrittlement prob 
lems. 

Recently, in the development of the space shuttle main 
engines, hydrogen embrittlement has been recognized as a 
potential problem. The space shuttle main engines are rocket 
engines which mix and react liquid hydrogen and liquid 
oxygen to form the propellant. These reactants are pumped 
into the main combustion chamber by turbo pumps which 
are powered by the combustion products of the reaction of 
hydrogen and oxygen. The hot side of the turbo pumps, 
which is exposed to the combustion products of the 
hydrogen/oxygen reaction, includes a multiplicity of small 
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2 
turbine blades which are typically investment cast from 
directionally solidified Mar-M246+Hf alloy, an alloy which 
meets the previous definition of a high strength nickel base 
superalloy in that it contains more than fifty volume percent 
of the gamma prime phase and has a yield strength of more 
than 100 ksi (690 MPa) at 1000° F (538°C.). The nominal 
composition of Mar-M 246+Hf, in weight percent, is 9 Cr. 
10 Co., 2.5 Mo, 10 W, 1.5 Ta, 5.5 A, 1.5 Ti, 1.5 Hf, balance 
nickel. Due to this hydrogen exposure, hydrogen embrittle 
ment of these turbine blades, as well as other articles in the 
turbo pumps such as vanes, is of great concern. 

Hydrogen embrittlement is encountered in these and other 
circumstances, and while the exact mechanism involved is 
still open to conjecture, the existence of the problem is well 
documented. Initiation of hydrogen embrittlement cracking 
in nickel base superalloys has been found to occur at 
discontinuities in the structure, such as pores, hard particles 
and interfaces between precipitated phases and the matrix. 
such as script type carbides and gamma-gamma prime 
eutectic islands. Specifically, during testing fatigue crack 
initiation has been observed at similar sites in convention 
ally processed PWA 1489, which is a high strength, equiaxed 
superalloy having a nominal composition of 8.4 Cr, 10 Co. 
0.65 Mo, 5.5A, 3.1 Ta, 10 W, 1.4 Hf, 1.1 Ti, 0.015 B, 0.05 
Zr, balance Ni, with all quantities expressed in weight 
percent. Strong evidence has been observed for the occur 
rence of interphase cleavage at the interfaces between the 
gamma matrix and gamma prime particles, and within 
gamma-gamma prime eutectic islands. These features have 
been identified as fatigue crackinitiation sites in this class of 
alloys in a hydrogen environment. Thus, there is great 
concern to minimize the initial occurrence of these crack 
initiation sites. There is also great concern to minimize crack 
propagation or growth should a crack develop. 

Accordingly, there exists a need for a high strength nickel 
base superalloy material which is highly resistant to hydro 
gen embrittlement in general and particularly resistant to 
crack propagation. 

DISCLOSURE OF THE INVENTION 

According to the present invention, an improved, high 
strength nickel base superalloy material which is highly 
resistant to hydrogen embrittlement in general and particu 
larly resistant to crack propagation is disclosed. The prin 
ciples taught in this invention are also expected to provide 
marked increases in the fatigue resistance and crack propa 
gation when used in more common applications, such as gas 
turbine engines. 

Since the existence of such hard particles as carbides, 
nitrides and borides can be the source of fatigue crack 
initiation, the heat treatment process described herein is 
designed to solution essentially all of these hard particles, 
while leaving only enough of these particles in the grain 
boundaries to control grain growth in equiaxed alloys. 

In the presence of hydrogen, eutectic islands provide 
crack initiation sites by cleaving at the interfaces of the 
gamma and gamma prime lamellae. Eliminating eutectic 
islands thus significantly retards cracking in the presence of 
hydrogen. Script carbides also provide fatigue crack initia 
tion sites and, by minimizing their size and frequency of 
occurrence, fatigue life is also improved. 
The invention process is applicable to nickel base super 

alloys in which gamma-gamma prime eutectic islands and 
script type carbide can be essentially completely solutioned 
without incurring incipient melting. In accordance with this 
invention, the alloy is a gamma prime strengthened nickel 
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base alloy consisting essentially of the composition set forth 
in Table 1 (approximate wt.% ranges). 

TABLE 1. 

(wt.%) range (wt.%) 

Carbon 0.006 0.17 
Chromium 6,0 22.0 
Cobalt - 150 

Molybdenum - 90 
Tungsten -- 12.5 
Titanium -- 4.75 
Aluminum - 6.0 
Tantalum - 4.3 

Hafnium - 16 

Iron --- 18.5 

Rhenium - 3.0 

Columbium - 10 

Nickel remainder 

In a preferred embodiment, the gamma prime strengthened 
nickel base alloy consists essentially of the composition set 
forth in Table 2 (approximate wt.% ranges). 

TABLE 2 

(wt.%) range (wt.%) 

Carbon 0.13 0.17 
Chronium 8.OO 8.8O 
Cobalt 9.00 100 
Molybdenum 0.50 0.80 
Tungsten 9.50 10.50 
Titanium 0.90 1.20 
Aluminum 5.30 5.70 
Tantalum 2.80 3.30 
Hafnium 1.20 1.6 
iron - 0.25 

Columbium - 0.10 
Nickel remainder 

One of ordinary skill in the art will recognize that various 
trace elements, including but not limited to, manganese, 
silicon, phosphorus, sulfur, boron, zirconium, bismuth, lead, 
selenium, tellurium, thallium and copper may be present in 
minor amounts. 
The alloy of the present invention may be formed by 

providing a nickel base alloy as described above in molten 
form, casting the alloy in either an equiaxed or columnar 
grain form, and subjecting the alloy to a heat treatment. The 
alloy is heat treated (preferably, vacuum heat treated) using 
a stepped ramp cycle and subsequent hold to permit solu 
tioning at a temperature approximately 50°F (28°C.) above 
the gamma prime solvus temperature (temperature below 
which gamma prime exists) so that the gamma-gamma 
prime eutectic islands and the script type cartbides are 
dissolved. Specifically, the ramp cycle includes the follow 
ing: heat the superalloy article from room temperature to 
about 2000° F (1093° C.) at about 10° F/minute (5.5° 
C/minute); ramp from about 2000° F (1093° C) to about 
2240° F (1227° C) at about 2° F/minute (1.1° C./minute); 
ramp from about 2275° F (1246° C) to about 2285 F. 
(1252° C) at about 0.1° F/minute (0.06 C/minute); and 
hold at about 2285° F (1252° C.) for between about 3 hours 
to about 6 hours, preferably 4 hours. 

If the alloy material was then rapid vacuum cooled from 
this point, fine gamma prime precipitates would occur and 
the material would exhibit significantly improved resistance 
to fatigue in hydrogen as well as in air. 

Although the above process is extremely advantageous, it 
is also desirable to deter crack growth or propagation at any 
occurring cracks in the material. This would even further 
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4 
increase the useful life of a part/article made from the 
superalloy material. Accordingly, we have determined that 
the presence of large, barrier gamma prime precipitates in 
the microstructure would deter crack propagation by acting 
as crack arrestors. These large, barrier gamma prime pre 
cipitates may be precipitated out by slow cooling the super 
alloy material from between about 2350° F (1288° C) to 
about 2000° F (1093° C) at between about 0.1° F/minute 
(0.06 C/minute) and about 5 F/minute (2.8°C/minute). 
and most preferably from about 2285° F (1252°C.) to about 
2135° F (1168° C.) at about 0.5° F/minute (0.28° 
C./minute). The material is then rapid vacuum cooled to 
room temperature and HTPped below the solvus temperature 
for a period of about four hours to eliminate all porosity, 
cavities, and voids. The material is then given conventional 
lower temperature heat treatments to produce a superalloy 
material which is resistant to crack initiation, as well as 
crack propagation. 
An advantage of the present invention includes a gamma 

prime strengthened nickel base superalloy which is particu 
larly resistant to crack propagation. The microstructure of 
this superalloy is characterized by an absence of intergranu 
lar eutectic gamma-gamma prime phase islands, an absence 
or low incidence of large script type carbides and an absence 
or low incidence of linear carbides spanning grains. The 
microstructure also includes a plurality of regularly occur 
ring large barrier gamma prime precipitates elongated in the 
<111>family of crystallographic directions (8<111> vectors 
in total) and a continuous field offine cuboidal gamma prime 
precipitates surrounding the large barrier gamma prime 
precipitates. 

Another advantage of the present invention is that the 
alloy has improved resistance to hydrogen embrittlement, 
particularly fatigue crack initiation and propagation. 
The foregoing and other features and advantages of the 

present invention will become more apparent from the 
following description and accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a photomicrograph of a prior art PWA 1489 
microstructure showing the presence of gamma-gamma 
prime eutectic islands, as indicated by the arrows. 

FIG. 2 is a photomicrograph of a prior art PWA 1489 
microstructure showing the typical carbide morphology 
(presence of script type carbides, as indicated by the 
arrows). 

FIG. 3 is a photomicrograph of a prior art PWA 1489 
microstructure showing the typical gamma prime morphol 
ogy. 

FIG. 4 is a photomicrograph of modified PWA 1489 
microstructure of the present invention showing an absence 
of gamma-gamma prime eutectic islands. 

FIG. 5 is a photomicrograph of modified PWA 1489 
microstructure of the present invention showing the typical 
carbide morphology (absence of script type carbides). 

FIG. 6 is a photomicrograph of modified PWA 1489 
microstructure of the present invention showing the gamma 
prime morphology (presence of larger, barrier gamma prime 
precipitates). 

FIG. 7 and FIG. 8 are graphs (log-log plots) of fatigue 
crack growth rates (da/dN) at 1200° F (649 C.)-FIG. 7; 
combination of 400° F (204°C.) and 80° F (27 C.)-FIG. 
8; each at 5000 psig (35 MPa) as a function of stress 
intensity (AK) for conventionally processed PWA 1489 and 
modified PWA 1489 (processed according to the present 
invention). 
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BEST MODE FOR CARRYING OUT THE 
NVENTION 

The fatigue cracking of polycrystalline nickelbase super 
alloys in a hydrogen environment is attributed to the initia 
tion of fatigue cracks at the interfaces between the gamma 
and the gamma prime lamellae in the gamma-gamma prime 
eutectic islands and crack initiation at script-type carbides. 
PWA 1489 is an equiaxed nickel base superalloy used 

primarily for components requiring high thermal shock 
resistance and high strength at cryogenic and elevated 
temperatures. In prior applications it has been vacuum 
melted and cast, HIPped and solution heat treated. FIG. 1 
shows gamma-gamma prime eutectic islands and FIG. 2 
shows script-type carbides present in PWA 1489 processed 
using prior techniques. FIG. 3 shows the corresponding 
gammaprime morphology. The superalloy of FIGS. 1-3 was 
thermally processed using the following parameters: HIP at 
2165° F (1185° C) for 4 hours at 25 ksi (172 MPa); 
solutioned at 2165° F (1185° C) for two hours; rapid 
vacuum cooled to below 1000° F (538° C.); precipitation 
heat treated at 1975° F (1079° C) for four hours; air cooled 
to room temperature; aged at 1600° F (871° C.) for 20 
hours; and air cooled to room temperature. 

While the presence of script-type carbides and gamma 
gamma prime eutectic islands in alloys such as PWA 1489 
was acceptable for the high temperature gas turbine 
applications, cracking of engine test components in a hydro 
gen environment produced inherent design limitations. The 
elimination of script carbides and eutectic islands by thermal 
processing provides significant property improvement and 
greater design margin for components produced from these 
alloys for use in the space shuttle main engine program. 
The essential elimination of these microstructure features 

requires solutioning the alloy at temperatures significantly 
above the gamma prime solvus temperature and can result in 
incipient melting due to the microstructural chemical inho 
mogenities incurred during solidification. 

Thus, a ramp solution cycle is employed to permitheating 
as much as about 50° F (28° C.) above the gamma prime 
solvus temperature. This permits sufficient solutioning to 
virtually eliminate all script type carbides and eutectic 
islands. Specifically, the ramp cycle includes the following: 
heat the superalloy article from room temperature to about 
2000° F (1093° C.) at about 10°F/minute (5.5°C/minute); 
ramp from about 2000° F (1093° C) to about 2240° F. 
(1227°C.) at about 2°F/minute (1.1°C/minute); ramp from 
about 2275° F (1246° C.) to about 2285° F (1252° C) at 
about 0.1 F/minute (0.06 C/minute); and hold at about 
2285° F (1252° C.) for between about 3 hours to about 6 
hours, preferably 4 hours. 
We have developed a post-solution cool down cycle to 

allow precipitation of large, barrier gamma prime precipi 
tates. We have found that employment of this slow cool 
down cycle results in large gamma prime precipitates which 
act as crack arrestors, significantly deterring crack 
propagation, should a crack occur. Specifically, the super 
alloy article is then cooled from about 2285° F (1252 C.) 
to about 2135° F (1168° C) at about 0.5° F/minute (0.28° 
C/minute) and rapid vacuum cooled from about 2135° F. 
(1168° C) to below about 1000° F (538° C.). This slow 
cooling enables the production of a microstructure which is 
significantly resistant to crack propagation. This improve 
ment will increase the useful life of the superalloy article. 

After employment of the slow cooling step, the superalloy 
article is then hot isostatic pressed (HIPped) at about 2165° 
F. (1185° C.) +/- about 25° F (14 C.) at about 25 ksi (172 
MPa) for 4 hours to 8 hours (preferably 4 hours), precipi 
tation heat treated at about 1975° F (1079° C.) +f-about 25° 
F (14° C.) for 4 hours to 8 hours (preferably 4 hours) and 
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6 
air cooled to room temperature. The article is then aged at 
between about 1400° F (760° C.) and about 1600°F (871° 
C.) (preferably at about 1600°F (871° C) +/-about 25° F. 
(14° C)) for between about 8 hours and about 32 hours 
(preferably 20 hours) and air cooled to room temperature. 

It is noted that the temperatures for the heat treatment are 
selected relative to the gamma prime solvus temperature for 
the particular alloy, in this case PWA 1489, and are based on 
a gradient heat treat study for the particular heat of material. 
The solution cycle may include several ramps at decreasing 
rates of temperature rise (with or without intermediate 
periods of constant temperature rise), or a smoothly increas 
ing curve with a gradually decreasing rate of temperature 
increase until the maximum solution temperature is 
achieved. 
The microstructure of the invention-processed material is 

shown in FIGS. 4-6. The superalloy material of FIGS. 4-6 
was thermally processed using the following parameters: 
solutioned at 2285° F (1252° C.) for 4 hours; slow cooled 
to 2135° F (1168° C.) at 0.5° F/minute (0.28°C/minute); 
rapid vacuum cooled from about 2135° F (1168 C.) to 
below 1000° F (538° C.); HIP at 2165° F (1185° C.) for 4 
hours at 25 ksi (172MPa); precipitation heat treated at 1975 
F. (1079 C.) for 4 hours; air cooled to room temperature; 
aged at 1600° F (871° C) for 20 hours; and air cooled to 
room temperature. 
The advantages of the present invention can be readily 

seen from the figures. Specifically, FIG. 4 shows the absence 
of eutectic islands. FIG. 5 shows an absence of script type 
carbides. Most significantly, large, barrier gamma prime 
precipitates may be seen on FIG. 6. These large, barrier 
gamma prime precipitates significantly improve crack 
propagation resistance. 
The microstructure of the present invention has an aver 

age grain size of from about 90 microns (9x10 m) to about 
180 microns (1.8x10 m). The large gamma prime precipi 
tates are between about 2 microns (2x10 m) and about 20 
microns (2x10 m) and the fine cuboidal gamma prime 
precipitates surrounding the large barrier gamma prime 
precipitates are between about 0.3 microns (3x10" m) and 
about 0.7 microns (7x107 m). It should be noted that the 
grain size is set by the casting process employed. 
The present invention will now be further described by 

way of example which is meant to be exemplary rather than 
limiting. Second stage vane ring segments with a nominal 
composition of 8.4 Cr, 10 Co. 0.65Mo, 5.5A1, 3.1 Ta, 10 W. 
1.4 Hf, 1.1 Ti, 0.015 B, 0.05 Zr, balance Ni, with all 
quantities expressed in weight percent, were processed 
according to the present invention and tested in a hydrogen 
environment at 1600°F (871°C.) and 5000 psi(34MPa) for 
about 5000 seconds of run time. Several standard processed 
vane segments with the same composition were also tested 
for comparison. Following the test, the segments were 
fluorescent penetrant inspected. The segments processed 
according to the present invention showed no distress in 
comparison with the standard processed vane segments 
which exhibited trailing edge cracking. 
To further illustrate the advantages of the present 

invention, FIG. 7 and FIG. 8 are presented. These figures 
illustrate the rate of crack propagation for the prior micro 
structure of PWA 1489 compared to the new, modified 
microstructure of PWA 1489. Specifically, the axes of the 
graphs show how crack growth rate (da/dN) varies with 
stress intensity. The arrow in FIG. 7 shows how a crack in 
conventional PWA 1489 (indicated at 1) grows as much as 
a hundred times faster than a crack in modified PWA 1489 
(indicated at 2) of the present invention. The arrow in FIG. 
8 shows how a crack in conventional PWA 1489 (indicated 
at 1) can grow more than ten times faster than a crack in 
modified PWA 1489 (indicated at 2) of the present invention. 
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The comparisons are made for tests conducted in high 
pressure hydrogen gas representing a rocket environment. 
Tests were conducted at 45 cycles perminute with zero hold 
time. 

Although this invention has been shown and described 
with respect to detailed embodiments thereof, it will be 
understood by those skilled in the art that various changes, 
omissions and additions in form and detail thereof may be 
made without departing from the spirit and scope of the 
claimed invention. 
We claim: 
1. A method for making a nickel base alloy having 

improved resistance to hydrogen embrittlement and crack 
propagation, the method comprising the sequential steps of: 

a. providing a gamma prime strengthened nickel base 
alloy having a composition, in weight percent, consist 
ing essentially of: 

(wt.%) range (wt.%) 

Carbon 0.006 0.17 
Chromiurn 6.0 22.0 
Cobalt - 15.0 

Molybdenum - 9.0 
Tungsten - 12.5 
Titanium 4.75 
Aluminum - 6.0 
Tantalum --- 4.3 

Hafnium - 1.6 

Iron - 18.5 

Rhenium - 3.0 

Columbium -- 10 

Nickel remainder 

5 

10 

15 

20 

8 
b. casting the nickel base alloy; 
c. heat treating the nickel base alloy at a temperature 

sufficiently above its gamma prime solvus temperature 
to dissolve substantially all gamma-gamma prime 
eutectic islands and script carbides without causing 
incipient melting, and cooling to about 2135° F (1168° 
C.) at between about 0.1 F/minute (0.06° C./minute) 
and about 5° F/minute (2.8° C./minute) and rapid 
vacuum cooling to below about 1000°F (538°C.); and 

d. heat treating the alloy by the method comprising hot 
isostatic pressing the alloy to eliminate porosity, pre 
cipitation heat treating the alloy at about 1975° F. 
(1079° C.)+/-about 25° F (14° C.) for four hours and 
air cooling to room temperature, followed by aging at 
between about 1400° F (760° C.) and about 1600°F. 
(871°C.) for about 20 hours and air cooling to room 
temperature, thereby producing a nickel base alloy 
having a microstructure which is essentially free of 
script carbides, gamma-gamma prime eutectic islands 
and porosity, wherein the microstructure further 
includes a plurality of regularly occurring large barrier 
gamma prime precipitates and a continuous field offine 
cuboidal gamma prime precipitates surrounding the 
large barrier gamma prime precipitates. 

2. The method of claim 1 wherein the alloy is equiaxed. 
3. The method of claim 1 wherein the alloy is columnar. 
4. The method of claim 1 wherein the large gamma prime 

30 precipitates are elongated in the <1112 family of crystallo 
graphic directions. 


